
Integrating GPS and Teleseismic Data for Fast Finite
Source Inversion and Tsunami Early Warning

Kejie Chen, Tony Song, Zhen Liu

Jet Propulsion Laboratory

California Institute of Technology

kjchen@caltech.edu

JPL Postdoc Seminar Series

1-Jun-20

1

© 2017 California Institute of Technology. Government 
sponsorship acknowledged



Tsunami: Rare but Devastating
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2004 Indonesia Tsunami (from Youtube) 2011 Tohoku Tsunami (from Youtube)

Disaster film: San Andreas (2015) (from Youtube)



Courtesy: Geoscience Australia

Causes of Tsunami
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For tsunami early warning, identification of

earthquake source in real-time is the most

important thing！



Question 1: where is the earthquake? Longitude, latitude, depth (precisely

determined within minutes)

Three basic questions must be answered in minutes for tsunami early

warning (TEW):
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Earthquake catalogs provided by USGS Earthquake catalogs provided by GFZ
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Question 2: how large is the earthquake? (problematic for huge earthquakes)

Three basic questions must be answered in minutes for tsunami early

warning (TEW):

Seismic stations within 1000 km to epicenter of 2011

Mw 9.1 Tohoku earthquake (from IRIS) Saturation of seismographs
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Question 3: what is the slip feature of the earthquake? Finite source inversion

(quite challenging in real time)
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Three basic questions must be answered in minutes for tsunami early

warning (TEW):

M

What is finite source inversion?

Synthetic waveforms Observations

Equations

Fault plane orientation, discretization

Finite slip

distribution



Motivation | Data retrieval | Fault geometry determination | Fast finite source inversion for TEW | Conclusions

7

Why fast finite source inversion difficult?

Reason 1: unknown fault planes

Global Centroid Moment Tensor (GCMT)Hours later,

Strike=? Dip=? Rake=?
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Why fast finite source inversion difficult?

Reason 2: limited available datasets

InSAR observations for 2016 Mw 7.8 Kaikoura earthquake , weeks later

Hamling et al. (2017)



Our aims: fast (less than 15 min) finite source inversion for TEW

Acquiring real-time co-seismic data  

Defining fault geometry 

GPS Teleseismic data

Strike, dip and rake angles, patch size

Fast static (or kinematic) finite source inversion

Sea floor deformation simulation 

for tsunami early warning
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The Global Differential GPS System run by JPL

monitors earthquakes and aids tsunami early warning

Advantage of GPS: Never Clip

Displacement waveform at station MIZU (200 km

to the epicenter ) during 2011 Tohoku earthquake

(up to 3 m)
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Limitations of GPS

Accuracy is limited to cm

Simulated vertical deformation for an Mw 8.0 event

with 30 km epicenter depth

m

Epicentral Distance (km)

Seismic signal decays very fast in the near field
Displacement waveforms at

two GPS stations(> 500 km

to the epicenter ) recorded

during 2015 Mw 8.3 Illapel

earthquake, can you tell

where are the earthquake

signals?

Cannot detect earthquake offsets
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Limitations of GPS

Chen et al. (2016)

Network is sparse

Dense network exists in US, New Zealand and Europe

Fail to cover many seismic active regions
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Limitations of GPS

Data loss during strong shaking for near field stations

2011 Tohoku earthquake
2016 Kaikoura earthquake2015 Illapel earthquake
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Global Seismographic Network (GSN)

Seismic waves (from UPSeis)

Body waves

Surface wave

Motivation | Data retrieval | Fault geometry determination | Fast finite source inversion for TEW | Conclusions

14



Seismographs are more accurate than GPS

2014 Mw 8.2 Iquique earthquake

Precision up to 10-5 mFor a Mw 8.2 event, stations at global

distance can record it clearly
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Using teleseismic P wave for finite source inversion

Why teleseismic P wave?

An exemplary seismograph record during 2017 Mw 8.2

Mexico earthquake

P S Surface wave
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Disadvantage: it takes a longer time (around 8 min) to

get P waves at teleseismic stations



How to decide the fault plane?

Traditionally, from moment tensor inversion by long

period seismic waves

From Berkeley Seismology Lab
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CMT using W phase, (Kanamori and Rivera,2008),

about 30 min



Can we get CMT in minutes?

1 1 1 1 11

11 12 13 14 151

1 1 1 1 12
121 22 23 24 251

1 1 1 1 13
231 32 33 34 351

3

411 12 13 14 152

521 22 23 24 252

31 32 33 34 352

n n n n nn

n n n n nn

n n n n nn

G G G G Gu

mG G G G Gu

mG G G G Gu

m

mG G G G Gu

mG G G G Gu

G G G G Gu

  
  

  
  
  

=   
  
  
   
  

   





 
 
 
 

(Diego Melgar et al.,2011)

3 4 1 2

1 3 4 5

2 5 3

0.5

0.5

m m m m

M m m m m

m m m

−  + 
 

= −  −
 
  

u : Observations 

G: Green function

M: Moment tensor 
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FastCMT using GPS offsets

GPS static offsets can be treated as the longest period waves

Horizontal and vertical GPS co-seismic displacements



Coastal area where an ocean plate is subducting

beneath a continental plate. USGS

From SLAB 1.0
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What to do if no GPS data available?

Schematic describing the construction of the slab 

three‐dimensional geometry model from a collection of 

two‐dimensional profiles, Hayes et al. (2012)



SLAB 1.0 subduction model

From SLAB 1.0
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What to do if no GPS data available?

Data bank
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2011 Mw 9.0 Tohoku earthquake slip

distribution, about 8 min after the origin time, and

can be faster with less GPS stations

Chen et al., 2017)

GPS-only for tsunami early warning:

Fault geometry is from SLAB 1.0
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2016-12-08 Solomon Islands Mw 7.8 Event

Teleseismic-only tsunami early warning

Fault geometry is from SLAB 1.0

Slip model for 2016-12-08 Mw 7.8 Solomon

earthquake (in about 11 minutes)
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At the nearest tide gauges Solo

Maximum tsunami height prediction
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Teleseismic-only tsunami early warning
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Three GPS stations + four seismic stations
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Fault geometry is from SLAB 1.0

GPS+Teleseismic data for tsunami early warning:

Slip distribution for 2015 Mw 8.2 Illapel

earthquake (in about 10 min)
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2016 Mw 7.8 Kaikoura earthquake:
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One of the MOST COMPLEX earthquakes ever recorded

Hamling et al. (2017)

Complex multifault rupture during the 2016 Mw 7.8

Kaikōura earthquake, best fitting by 20 faults

Duputel and Rivera (2017)

The 2016 Kaikoura earthquake sequence from CMT
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2016 Mw 7.8 Kaikoura earthquake:

For TEW, it is very difficult to use that complex faults, we test a single fault

Strike:240 Dip:53 Rake:112

Out of SLAB 1.0 zone, first CMT inversion

Strike:240 Dip:33 Rake:141

From GCMT

Fast CMT

GPS data fits for fastCMT
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2016 Mw 7.8 Kaikoura earthquake:

Finite source inversion using GPS and tsunami prediction

Slip model from GPS (in 10 min) (Chen et al., in prep)
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2017-09-08 Mw 8.2 Mexico Chiapas Earthquake:

The largest normal earthquake in a subduction zone, very rare and challenges the

reliability of TEW

Most of the historical earthquakes in this region are

thrust ones, but this one is a normal faulting

SLAB 1.0 Zone

We cannot SLAB 1.0 fault geometry
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Strike: 288  dip: 81 rake: -95

Strike: 320 dip: 77 rake: -92

GPS data fits for fastCMT
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From GCMT

Fast CMT

2017-09-08 Mw 8.2 Mexico Chiapas Earthquake:

Perform CMT inversion first
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GPS data fits and slip model (in about 12 min and can be

faster if we do not use seismic data)

3 cm Obs

Syn
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2017-09-08 Mw 8.2 Mexico Chiapas Earthquake:

Finite source inversion using GPS and teleseismic waves

(Chen et al., in prep)
31



Distribution of teleseismic data Obs Syn

Bandpass [0.005 0.4]
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2017-09-08 Mw 8.2 Mexico Chiapas Earthquake:

Teleseismic data fits
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2017-09-08 Mw 8.2 Mexico Chiapas Earthquake:

Rupture evolution and tsunami prediction

Earthquake Rupture propagation Tsunami prediction

(Chen et al., in prep)
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2017-09-08 Mw 8.2 Mexico Chiapas Earthquake:

Tide gauges validation

34



Conclusions:
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Time needed for earthquake source inversion: (right) using GPS data only, and (right) using GPS and

seismic data, for all Mw>7.0 earthquakes (color dots on the map) since 1990.

Integration of GPS and P wave makes TEW always available

(Chen et al., in prep)
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Responding time based on GPS-only system Responding time based on GPS/TEL system



Future work:

Have more GPS data stream in
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GPS is very crucial in fault geometry determination
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Red dots: earthquakes within the SLAB 1.0 zone

Grey dots: earthquakes outside of SLAB 1.0 zone
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Future work:

Fault geometry determination using seismic data
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Future work:

Coupling between lithosphere and ionosphere

Seismic–ionospheric disturbances from

GNSS observations, Jin et al. (2015)

2011 Japan earthquake and tsunami disturbed Earth‘s 

upper atmosphere, as measured by GPS.

Komjathy et al. (2015)

38



Retrieving co-seismic GNSS displacement

Fast earthquake source inversion

Synthetic tsunami scenario (etc., wave

height, period, wavelength, propagation

direction)

Solar wind conditions, solar irradiance,

auroral precipitation

Travelling ionosphere disturbances

from both ground and spaceborn

observations

Wave Perturbation -Global Ionosphere

Thermosphere Model (WP-GITM)

Meng et al. (2015)

Ionospheric -

thermospheric state

between 100 to 600

km altitudes

Cross validation to

confirm the seismic

source and the

predicted tsunami

scenarios

Future work:

Coupling between lithosphere and ionosphere
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